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Positron Plasma in the Laboratory
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We have developed a method to accumulate and store positrons, from a 22Na radioactive source, in an
electrostatic trap using a tungsten moderator and inelastic collisions with nitrogen molecules. The re-
sulting positron gas is found to cool to room temperature, and to fulfill the criteria for a single-
component, positron plasma. The cooling and confinement processes and the potential applications of

this many-positron system are discussed.

PACS numbers: 52.25.Wz, 34.50.— s, 71.60.+z

In the past two decades, study of the behavior of posi-
trons in the laboratory has provided new insights into
atomic and molecular physics and many aspects of con-
densed matter and surface physics.! A natural extension
of this research is to learn how to accumulate and store
sufficient numbers of positrons so that they behave as a
collective, many-body system.2™* In this Letter, we de-
scribe an experiment which has achieved the trapping of
3.3%10° positrons with a characteristic confinement time
of 60 s in a volume of 12 cm?. Inelastic scattering with a
background gas of N, molecules is used to cool the posi-
trons to nearly room temperature in about 3 s, and the
present experiments can provide a measure of these
scattering processes.

The resulting positron gas fulfills the requirements on
density n and temperature 7 for it to act collectively as a
classical, single-component positron plasma. In particu-
lar, at room temperature and the highest positron density
achieved, the Debye screening length Ap which is the dis-
tance over which the positrons screen electric fields in the
plasma, is smaller than for the size of the charge cloud.
The other criteria for classical plasma behavior are easily
fulfilled; i.e., nA3>>1, and the plasma frequency is large
compared with the positron-neutral-molecule collision
rate.

We envision that, with the addition of electrons, the
trapping scheme described here will be useful in studying
the unique aspects of electron-positron plasmas. 25
These techniques are also likely to be useful in accumu-
lating large numbers of positrons for a range of other ap-
plications, including antihydrogen formation, the study
of inelastic processes involving atoms and molecules,®
use as a low-emittance source for accelerators,* and use
as a diagnostic of transport in fusion plasmas.’

The electrostatic trapping scheme, which has been de-
scribed elsewhere,>*7 is shown schematically in Fig. 1.
The design of the final stage of the confinement device is
modeled after that developed to confine single-com-
ponent electron plasmas.® In order to trap large num-
bers of positrons, we require an efficient method of filling
the trap. We use a single-crystal tungsten moderator® to
convert positrons from an 86-mCi 2*Na radioactive

source (with energies of several hundred keV) to slow
positrons with energies ~2 eV. The efficiency of the
moderator is approximately 6 X 10 "4.° The positrons are
then accelerated to 40 eV and guided by an axial mag-
netic field to the series of potentials shown in Fig. 1.
Using differential pumping techniques and a suitably
designed electrode structure, three regions (labeled I to
III in Fig. 1) are created, each having an axial magnetic
field and a different electrical potential and N, gas pres-
sure. The pressure is adjusted so that inelastic ionization
and/or electronic excitation of the N in the highest pres-
sure region, which operates at 1X 10 73 Torr (region 1),
traps the positrons between z =0 and z=165 cm in one
pass through the trap. In order to prevent rapid dif-
fusion across the magnetic field, the trap is designed so
that the positrons quickly make subsequent inelastic col-
lisions to be trapped in the lower-pressure regions— first
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FIG. 1. A schematic diagram of the three-stage positron

trap, including the electrode structure, nitrogen gas pressure,
and the electrostatic potential profile. There is an axial mag-
netic field in the z direction whose magnitude is 860 G in
confinement region I11. The positrons lose energy by electronic
excitation and/or ionization of the N> (labeled A) or by vibra-
tional excitation of the N> (B and B').
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in regions II and III, and then finally in region III alone.
These latter stages are designed to operate at energies
below the threshold for positronium formation (i.e., 8.8
eV in N3), using vibrational excitation of the N, as an
inelastic scattering mechanism. The intrinsic efficiency
of the trapping scheme is limited by positronium forma-
tion in region I. We have measured the magnitude of
the loss process to be 75% by measuring the number of
positrons with energies below 8.8 eV surviving after one
pass through the trap.

After filling and storage for given lengths of time, the
trapped positrons are detected by measuring the 511-keV
annihilation radiation produced when they are dumped
on an arrangement of metal collector electrodes. The re-
sulting annihilation radiation signal is detected using a
Nal crystal and pulse-counting electronics. The effi-
ciency of the detection system was determined by placing
a source of known strength at the position of the collec-
tor electrodes.

The time dependence of the total number of positrons
trapped in region III is shown in Fig. 2 as a function of
filling and storage time. The data correspond to a N,
pressure of 1.5%10 ~% Torr and a magnetic field of 860
G in region III. The solid curve in Fig. 2(b) corresponds
to an exponential, N(¢) =N(0)exp[—1¢/7] , with a con-
finement time 7 of 60 s. The maximum number of stored
positrons is 3.3%10°. Measurement of the radial distri-
bution of the positrons (described below) shows that they
do not diffuse to the electrodes but annihilate in the cen-
tral region of the trap.

We have recently discovered that the positrons can
form long-lived resonances with large neutral molecules,
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FIG. 2. (a) The total number of positrons stored as a func-
tion of filling time. (b) The number of positrons remaining as
a function of storage time after a 12-s fill. The measured
confinement time of 60 s is limited by direct annihilation of the
positrons with N3 in region III of Fig. 1, where the pressure is
1.5%10 7% Torr.
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such as pump oils, which are present in small amounts in
our vacuum system.® The positrons then annihilate in
these states in times which are estimated to be of the or-
der of 1 ns. In order to eliminate these impurities, the
data in Fig. 2 were taken with a cooled baffle in the vac-
uum chamber near region III and with cooled walls of
the vacuum chamber surrounding this region. These ele-
ments were kept at temperatures between 293 and 77 K,
while the electrode structure and gas in region III were
kept at room temperature. Because of gettering provided
by these cold surfaces, the confinement time increased to
the extent that annihilation in molecular resonances was
not the dominant mechanism limiting 7. The confine-
ment time shown in Fig. 2 is inversely proportional to N,
pressure, and the absolute value of the lifetime agrees to
within a factor of 2 with that expected'? for free annihi-
lation of the e ¥ in collisions with N,. Confinement of
electrons'' and positrons'? for days has previously been
achieved with significantly smaller trapping efficiency'?
in Penning traps at low gas pressures (~10 ~!' Torr).
We have studied the time dependence of the cooling of
the positrons. When the potential difference between re-
gions II and III is set at 8.3 V, the characteristic time
that the positrons remain in regions II plus III, before
being trapped in region III, is 20 ms. The positrons
entering region III are found to cool to energies ~1 eV
in less than 0.1 s. It is likely that, in this range of ener-
gies, the positrons cool via vibrational excitation of N,.
The subsequent cooling of the positron gas occurs at a
slower rate and is either due to rotational excitation of
N> molecules or to elastic scattering with N,. The tem-
perature of the positron gas in this range of energies is
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FIG. 3. Retarding potential curves of the annihilation y-ray
signal at the collector, with (open circles) and without (filled
circles) a magnetic mirror field at the collector, after a storage
time of 0.8 s. The magnetic field is 860 G. The shift in the
curves is a measure of the perpendicular energy of the posi-
trons in the confinement region. These data correspond to a to-
tal, average positron energy of 0.4 eV.
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measured by a “magnetic beach” energy analyzer,'?

which yields the average energy (E ;) of the positrons
perpendicular to the magnetic field. As shown in Fig. 3,
the retarding potential curves of the positrons impinging
on a metal collector are measured with and without an
additional magnetic mirror field B, of 1.7 kG at the col-
lector. The resulting shift in potential AV of the retard-
ing potential curves is then related to (E,) by (E L)
=AV(Bo/B,), where By is the field in region III. The
distribution of positrons in the trap becomes isotropic as
a result of positron-N; collisions on times that are short
compared with the measured cooling rate; thus these
data are a measure of the average, total energy of the
positrons, (E) = 3(E ,)= 3 kT.

Shown in Fig. 4 are data for {E) as a function of
storage time for short filling times (~50-100 ms), at a
magnetic field By of 430 G. The characteristic time for
cooling in the range of energies shown in Fig. 4 is 0.6 s.
The data are plotted by subtracting the kinetic energy of
0.038 eV expected for positrons at room temperature.
The fact that the data can be fitted by a single straight
line confirms that the positrons are cooling to room tem-
perature. Data taken at Bo =860 G show a similar cool-
ing rate, but with somewhat more scatter. The origin of
this noise is unclear at present.

The radial distribution of the positrons g(r)
= [dzn(r,z), where n(r,z) is the positron density, is
shown in Fig. 5 as measured by dumping the contents of
the trap onto an arrangement of annular collectors which
are biased to measure the number impinging on one col-
lector at a time. This distribution can be fitted by a
Gaussian with a 1/e width of 1.55 c¢cm, which is much
smaller than the 12.2-cm radius of the electrodes in the
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FIG. 4. The total, average energy of the positrons (E) minus
their energy at room temperature as a function of storage time.
The straight line corresponds to a characteristic cooling time of
0.6 s. The positrons cool to nearly room temperature in about
3s.

confinement region and confirms that the positrons do
not diffuse to the walls.

In order to arrive at the density of the positron gas, we
must also know the extent of the charge cloud along the
magnetic field. The positron density n(r,z), as a func-
tion of z and radius r, was calculated'* from the Gauss-
ian fit to g(r), using Poisson’s equation and the electro-
static potential produced by the electrode structure, as-
suming the positron gas is at room temperature. We find
that the density on the magnetic axis falls to 1/e of its
peak value at Az==1.2 cm. The maximum positron den-
sity n is found to be 2.0x10% cm ~3 for the case where
3.3%10° positrons are stored.

The local value of the Debye length Ap at zp is shown
in Fig. 5, where Ap=[kT/4nne?]'"?. Using the local
value of n at the center of the charge cloud, we find
Ap =0.83 cm. The fact that Ap is not comparable to the
size of the system indicates that we have entered the re-
gime where many-body effects and classical plasma be-
havior are important. The two other criteria for plasma
behavior are easily fulfilled. In particular, the number of
particles in a Debye sphere is much larger than 1 (.e.,
mp~10%), and the plasma frequency w, is much
greater than the collision frequency (i.e., ®,7,+y~10%
where 7,+ is the collision time of the positrons with ni-

_ trogen molecules).

We expect to achieve ~1x10° trapped positrons with
confinement times of 3000 s using an 86-mCi 2*Na
source. This will require operating region III at a lower
pressure of 3% 10 ~8 Torr in order to decrease the annihi-
lation rate and increase the filling time (x50 increase).
It also requires a decrease of magnetic mirroring which
now exists between the source and confinement elec-
trodes (x3), elimination of a factor of 5 loss now present
as the positrons make the transitions between regions I
and III, and a factor of 3 increase in source-moderator
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FIG. 5. The radial distribution g (r) of the positrons in arbi-
trary units (filled circles) as measured by three collectors
whose radial extent is indicated by the dashed lines. The solid
curve is a Gaussian which is a best fit to the data. The result-
ing Debye length at z =0 is shown by the dot-dashed curve, as-
suming the positrons are at room temperature.
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efficiency.

In this Letter, we have described an experiment which
has achieved the trapping and confinement of a positron
gas sufficiently cold and dense to exhibit classical, plas-
malike behavior. We expect that, with the addition of
electrons or electron beams, such positron plasmas will
be useful in studying the properties of equal-mass plas-
mas and as a model system to study processes relevant to
astrophysics. The positron trapping scheme described
here is also likely to be useful for a wide range of other
scientific applications.

We would like to acknowledge the collaboration of F.
J. Wysocki in the development of the positron trap. We
are indebted to T. J. Murphy for carrying out the tem-
perature measurements and to K. S. Fine and M. Tinkle
for carrying out the plasma potential and density calcu-
lations. We wish to acknowledge helpful conversations
with R. J. Drachman, C. F. Driscoll, J. H. Malmberg,
and A. P. Mills, Jr.

(@present address: Physics Department, B-019, University
of California, San Diego, La Jolla, CA 92093.

ISee, for example, Positron Studies of Solids, Surfaces and
Atoms, edited by A. P. Mills, Jr., W. S. Crane and K. F. Can-
tor (World-Scientific, Singapore, 1986).

2V. Tsytovitch and C. B. Wharton, Comments Plasma Phys.

904

Controlled Fusion 4, 91 (1978).

3F. J. Wysocki, M. Leventhal, A. Passner, and C. M. Surko,
Hyperfine Interact. (to be published).

4C. M. Surko, M. Leventhal, A. Passner, and F. J. Wysocki,
in Proceedings of the ONR Workshop on Non-Neutral Plas-
mas, edited by C. W. Roberson and C. F. Droscoll, AIP
Conference Proceedings No. 175 (American Institute of Phys-
ics, New York, 1988).

5P. M. Platzman, in Ref. 1, pp. 84-101.

6C. M. Surko, A. Passner, M. Leventhal, and F. J. Wysocki,
Phys. Rev. Lett. 61, 1831 (1988).

7C. M. Surko, M. Leventhal, W. S. Crane, A. Passner, F. J.
Wysocki, T. J. Murphy, J. Strachan, and W. L. Rowan, Rev.
Sci. Instrum. 57, 1862 (1986); T. J. Murphy, Plasma Phys.
Controlled Fusion 29, 549 (1987).

8J. Malmberg and C. F. Driscoll, Phys. Rev. Lett. 44, 654
(1980).

9E. Gramsch, J. Throwe, and K. G. Lynn, Appl. Phys. Lett.
51, 1862 (1987); N. Zafar, J. Chevallier, F. M. Jacobsen, M.
Charlton, and F. Larrechia (to be published).

10G. R. Heyland, M. Charlton, T. C. Griffith, and G. L.
Wright, Can. J. Phys. 60, 503 (1982).

'TH. G. Dehmelt and F. L. Walls, Phys. Rev. Lett. 21, 127
(1968).

12p, B. Schwinberg, R. S. Van Dyck, Jr., and H. G. Dehmelt,
Phys. Lett. 81A, 119 (1981).

13A. W. Hyatt, C. F. Driscoll, and J. H. Malmberg, Phys.
Rev. Lett. 59, 2975 (1987), and references therein.

14C. F. Driscoll, J. H. Malmberg, and K. S. Fine, Phys. Rev.
Lett. 60, 1290 (1988).



